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Drosophila development: The secrets of delayed induction
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Dorsoventral axis formation in Drosophila relies on
extracellular signals which are generated only at the
ventral side of the egg. This asymmetry, in turn,
depends on the expression specifically in ventral follicle
cells of pipe, the product of which seems likely to be a
glycosaminoglycan-modifying enzyme.
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The establishment of the polarity and orientation of the
body axes of Drosophila embryos depends on spatial
information which is generated during oogenesis and
conveyed to the early embryo by two very different
mechanisms [1–3]. One relies on the localization of
mRNAs to the poles of the growing oocyte, and is
relatively well understood. Specific processes ensure that
the tight localization of these RNAs is maintained
throughout egg maturation and early embryogenesis, so
that they can serve as sources for the production of long-
range protein morphogen gradients which specify pattern
along most of the anteroposterior axis. 
The other mechanism, which has been termed ‘delayed
induction’ [3], is more complex and less well understood.
Delayed induction is required to specify the anterior and
posterior extremities of the embryo, and to establish the
entire dorsoventral axis. In this case, the spatial cues are not
generated inside the oocyte, but in a monolayer of somatic
follicle cells, the follicular epithelium, which surrounds the
oocyte. During early embryogenesis, these cues serve to
direct the production of spatially restricted extraembryonic
signals, which activate receptors at the surface of the
embryo. But herein lays the conceptual difficulty: the fol-
licular epithelium is no longer present when the extraem-
bryonic signals are formed; it has secreted the egg shells
during late oogenesis, and subsequently decayed. 
All the information for embryonic patterning that is
derived from the follicular epithelium thus has to be stored
either in the inner egg shell, the vitelline membrane or the
extracellular ‘perivitelline’ space between the vitelline
membrane and the embryo surface. This must occur in a
very stable manner, and the cues for initiating the signals
must remain active for long time periods, as female flies
can hold back their mature eggs for up to 15 days before
fertilization. Some light has been shed on the mysteries of
delayed induction by a recent series of papers which report
the cloning of the remaining Drosophila dorsoventral pat-
terning genes [4–6], the immunolocalization of one of their
protein products [7], and a mosaic analysis of the compo-
nents of the system that are specifically required in the fol-
licular epithelium [8].
From earlier studies, we have quite a detailed picture of
how dorsoventral polarity originates during Drosophila
oogenesis, and of how the embryonic dorsoventral mor-
phogen gradient is set up [1,9]. Dorsoventral polarity is
first evident at mid-oogenesis, when the oocyte nucleus
moves to an asymmetric position within the oocyte
(Figure 1). Transcripts of the gurken gene, which encodes a
protein related to transforming growth factor α (TGFα),
are localized close to the oocyte nucleus at this time [1].
Gurken protein presumably serves as the activating ligand
for the Drosophila epidermal growth factor (EGF) receptor,
which is uniformly expressed in the follicular epithelium
surrounding the oocyte. The local production of Gurken
protein provides a spatially restricted inductive signal,
which leads to a specification of dorsal follicle cells only on
the side of the egg chamber close to the oocyte nucleus.
The egg chamber thus acquires dorsoventral polarity
through a dorsalizing signal provided by the oocyte.
Twelve genes are known that are required maternally to
establish the embryonic dorsoventral axis, but that do not
affect egg chamber polarity [9]. In contrast to gurken,
which defines the dorsal side of the egg chamber, these
genes act at the opposite pole of the axis, defining the
ventral side of the embryo (Figure 2). The central compo-
nent is the transmembrane receptor Toll, which is
uniformly expressed all around the embryo, but only
activated at the ventral side. Ventral activation of Toll
triggers the formation of the nuclear concentration gradi-
ent of the NF-κB/Rel-like transcription factor Dorsal.
Dorsal acts as a concentration-dependent transcriptional
regulator of zygotic genes, which specify the different cell
fates along the embryonic dorsoventral axis.
How is Toll activation spatially regulated so that it occurs
only at the ventral side of the embryo? The Toll ligand is
a proteolytic fragment of the protein Spätzle, which is
secreted as an inactive precursor by the embryo and is uni-
formly present in the perivitelline space (Figure 2). The
proteolytic activation of Spätzle is triggered by a protease
cascade, involving probably four different proteases. Two
of these, Snake and Easter, are classical trypsin-like serine
proteases which, like Spätzle, are secreted by the embryo
as inactive precursors and are encoded by evenly distrib-
uted maternal mRNAs [9]. The gene for a third
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component of the cascade, Gastrulation defective, has
recently been cloned, and it has been shown that, while
the protein’s sequence clearly indicates membership of
the serine protease superfamily, it also has some features
that are atypical for serine proteases but that have been
observed previously in bacterial α-lytic endopeptidases
and human complement component C2 [4]. 
Gastrulation defective might provide the link between the
cues derived from the follicle cells and the activation of
Snake and Easter. There are several lines of evidence in
support of this. Firstly, genetic epistasis experiments have
shown that Gastrulation defective acts upstream of Snake
and Easter [10]. Secondly, some conditional mutant gastru-
lation defective alleles have temperature-sensitive periods
before egg deposition, indicating that Gastrulation defec-
tive protein is required at late stages of oogenesis. Accord-
ingly, Gastrulation defective protein is already present in
processed forms during oogenesis, and later rapidly disap-
pears during early embryogenesis [4] (Figure 1). Finally,
unlike Snake and Easter, Gastrulation defective protein
does not diffuse in the perivitelline fluid of early embryos
[11]. This finding suggests that Gastrulation defective
protein is anchored in the perivitelline space, and this may
occur in a ventrally restricted pattern.
How could such a pattern originate? Studies of germline
mosaic flies have shown that three of the twelve genes
required for embryonic axis formation, nudel, windbeutel and
pipe, act in somatic parts of the egg chamber, presumably
the follicular epithelium [12]. Of these three, nudel is the
best candidate to be a link to the egg shell, because it has
both structural and pattern-forming roles [13,14]. Two
classes of nudel mutants can be defined: class I mutants
produce fragile eggs, which are thought to have defects in
the vitelline membrane and cannot support embryonic
development; class II mutants have normal eggs but lead to
completely dorsalized embryos. This two-fold requirement
is reflected in the modular structure of Nudel protein,
which has parts resembling extracellular matrix compo-
nents and a central serine protease domain. Mutations in
the latter domain abolish nudel function in dorsoventral pat-
terning, but leave its structural function intact.
In some elegant experiments, LeMosy et al. [7] have
recently shown that Nudel protein is secreted from all
follicle cells surrounding the oocyte, and that the secreted
Nudel forms a layer between the nascent vitelline
membrane and the surface of the oocyte (Figure 1). Nudel
appears to be fixed at the oocyte surface, and it is later
found on the entire surface of the early embryo. After egg
deposition, however, Nudel undergoes extensive
proteolytic processing, during which a small fragment con-
taining the active protease domain is generated. This pro-
cessing is dependent on egg deposition, though not on
fertilization. This observation gives the first explanation of
how products provided by the follicular epithelium can be
active after the follicle cells have degenerated. The Nudel
protein is stored, not in the egg shell, but on the surface of
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A model for the formation and storage of asymmetric dorsoventral cues during Drosophila oogenesis. (See text for details.)
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egg deposition, which usually coincides with the begin-
ning of embryonic development. 
Interestingly, nudel itself — though none of the other
dorsoventral patterning genes, such as windbeutel or pipe —
is required for the proteolytic activation of Nudel protein.
Using an antibody specific to the protease domain,
LeMosy et al. [7] were able to monitor the spatial distribu-
tion of active Nudel protease. Surprisingly, active Nudel
can be found in the cortical cytoplasm at all positions of
the embryonic circumference (Figure 2). Thus, Nudel,
the protease that apparently acts upstream of all others,
cannot provide the asymmetric cue that is the initial
source of dorsoventral embryonic polarity.
A global requirement for Nudel activity fits with the
clonal analysis recently reported by Nilson and Schüpbach
[8]. They generated mutant follicle cell clones marked
with a mutation affecting chorion structure. This made it
possible to recognize the size and location of the clones
after egg deposition by inspection of the chorion, and thus
to determine how such clones affect embryonic dorsoven-
tral patterning. No spatially localized requirement for
nudel was observed. However, the two other somatic com-
ponents, windbeutel and pipe, were shown to be required
only within a restricted ventral region of the follicular
epithelium. This region is probably 8–12 follicle cells
wide, about 20–30% of the egg circumference. These
results point the finger at windbeutel and pipe as holding
the key to how dorsoventral asymmetry is generated.
Transcription of windbeutel indeed occurs in follicle cells
during the narrow time window when the gurken signal
from the oocyte establishes dorsoventral polarity [5].
Despite the localized requirement for windbeutel function,
however, windbeutel transcripts, like nudel transcripts, are
distributed evenly around the circumference of the egg
chamber. Windbeutel protein shows sequence similarity
to a resident protein of the endoplasmic reticulum in ver-
tebrates, known as Erp29, and by analogy it might act as a
protein disulfide isomerase (Figure 1). In this role, Wind-
beutel might be required to facilitate correct folding of the
still-elusive component secreted only by ventral follicle
cells. Could Pipe be this component?
Indeed, pipe, the last of these twelve maternal genes to be
cloned, is the first found to have a spatially restricted
pattern of expression in the follicular epithelium
(Figure 1) [6]. During mid-oogenesis, pipe is expressed in
the ventral third to a half of the follicular epithelium. This
expression pattern is regulated by gurken signalling, as a
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A model for how extracellular cues induce the embryonic dorsoventral axis during Drosophila development. (See text for details.)
pipe expression domain, and uniform gurken signalling to
ventral repression of pipe expression. Most importantly,
when pipe was ectopically expressed at the dorsal side in a
pipe mutant background, the embryonic axis was inverted
with respect to the egg shell, indicating that pipe expres-
sion defines the orientation of the embryonic axis. Cloning
of the gene revealed that Pipe shows sequence similarity
to the glycosaminoglycan-modifying enzyme heparan
sulfate 2-O-sulfotransferase. 
It thus appears that the spatially restricted modification of
the carbohydrate chains of a proteoglycan plays a pivotal
role for the initiation of the protease cascade that leads
eventually to the production of active Spätzle (Figures 1
and 2). The sequence of Pipe suggests that it is located in
the Golgi complex of the ventral follicle cells. Pipe could
thus be a target of Windbeutel, which, as mentioned
above, is localized in the endoplasmic reticulum in the
same cells. It is more likely, however, that Pipe and Wind-
beutel are involved in the folding and modification,
respectively, of the same secreted proteoglycan. Presently,
it is not clear what proteoglycan this could be. If it were
Nudel, then a local requirement for Nudel should have
been revealed by clonal analysis. Furthermore, analyses of
Nudel protein did not indicate that the active protease
domain is modified by a large sugar moiety [7]. Gastrula-
tion defective also cannot be a target of Pipe, as it is
secreted by the oocyte. Gastrulation defective might,
however, bind to a still unknown glycosaminoglycan after
the latter has been ventrally modified by Pipe, and this
binding might be a prerequisite for cleavage of Gastrula-
tion defective by activated Nudel. This could explain how
globally activated Nudel initiates the protease cascade
only on the ventral side [7].
One of the fascinating aspects of these new findings is that
they provide us with a new understanding of what
extraembryonic signalling means in the context of
dorsoventral axis formation. The protease cascade that
activates Spätzle is initiated directly neither by cues from
the egg shell nor by factors present in the perivitelline
fluid, but rather by an assembly of proteins which is local-
ized at the surface of the embryo (Figure 2). Thus, pro-
duction of active Spätzle occurs in the immediate
neighbourhood of the Toll receptor, to which it binds.
This topology, in which ligand production occurs on the
same surface as that on which the receptor resides, might
be essential for the stable formation of extracellular mor-
phogen gradients, such as the gradient of active Spätzle.
Diffusion is essentially reduced to a process occurring in
two dimension, thereby largely eliminating errors likely to
derive from convective streaming in the perivitelline fluid
or from environmental disturbances of the egg.
An important question is whether the spatial restriction of
pipe transcription by the negative action of gurken
signalling is sufficient to explain the formation of the
extracellular gradient of active Spätzle that is assumed to
presage the nuclear Dorsal protein gradient. It appears
that the pipe expression domain is broader than the narrow
ventral stripe of highest active-Spätzle concentration that
has to be postulated to explain the shape of the nuclear
Dorsal gradient. Furthermore, the ventral follicle cell
region in which pipe function is required is narrower than
the pipe expression domain [8]. These observations indi-
cate that there must be processes downstream of, or in
parallel to, Pipe, which refine the spatial information that
specifies dorsoventral patterning [15]. 
Recent work of Misra et al. [16] on the proteolytic cleavage
of Easter may be relevant to this issue of refinement. The
processed, active form of Easter is extremely rare, as it is
converted into a high molecular weight complex which
may contain a protease inhibitor. The formation of this
complex appears to be controlled by a negative feedback
loop from Dorsal (Figure 2). Activation of the Toll
pathway thus seems to be linked to the formation of a
negative signal, which might limit the spread of Easter
activation in the perivitelline space and thereby provide a
self-control mechanism partially independent from the
spatial cues that derived from the follicular epithelium. 
The establishment of Drosophila dorsoventral polarity
provides an excellent example of how spatial information
is elaborated in a step-by-step manner during a complex
developmental process. The process starts with a real sym-
metry-breaking event — the asymmetric movement of the
oocyte nucleus — and ends with the formation of an
embryonic morphogen gradient, which specifies cell fates
along the dorsoventral axis. Now, we have the necessary
tools at hand to study all the intervening steps. 
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